Urban stormwater is regarded as a key input of faecal contamination in receiving water bodies and therefore, a major concern for health risks associated with aquatic recreation. Wastewater leakages, cross connections and overflows, together with faeces washed from surfaces during rainfall events, are possible origins of faecal contamination which enter these water bodies through stormwater drains. This paper applies conceptual models to a case study of the Yarra River estuary to understand the relative importance of fluxes derived from an urban creek and the 219 urban stormwater pipes which drain directly to the estuary as compared with other inputs, such as the Yarra River itself.
INTRODUCTION
Urban estuaries around the world are highly valued assets to the local community, as they provide aesthetics, improved microclimate and recreational opportunities (Mallin et al. ) . Like many other urban estuaries, the Yarra River estuary has elevated levels of faecal contamination (Daly et al. ) , which is of public health concern for recreational users. Faecal microorganisms have been identified as the leading cause of pollution of environmental waters (Lipp et al. ; Burton & Pitt ; Ortega et al. ) .
Urban stormwater has been recognized as an important input of faecal contamination to these waterways (Burton & Pitt ; McCarthy et al. ) . As such, increased efforts have been made towards mitigating the impacts of direct stormwater inputs (i.e. the stormwater drains that discharge directly into the estuary), including the Yarra River estuary (e.g. Melbourne Water ). However, despite these efforts, minimal improvement in compliance figures was observed for this particular system, implying that there may be other, more significant, inputs which require mitigation.
Effective management of faecal contamination in urban estuaries requires a firm understanding of the inputs of pollution and its transport and fate within the system. Integrated modelling tools which fully account for both the input and the estuarine microorganism dynamics are absent from the literature. Indeed, most models found in the literature poorly represent the microbial dynamics, and instead (1) are calibrated and tested on a small number of measured data points (Kashefipour et al. ; Gao et al. ; de Brauwere et al. ), (2) represent inputs using a constant flux value, (3) predict inputs using simple relationships with flow (Garcia-Armisen et al. ; Liu & Huang ), and/or (4) predict inputs using a sediment-microbe correlation (Ghimire & Deng ) . Use of these approaches might mask the true importance of a particular input, which in turn can significantly influence the results of estuarine microorganism model and misinform mitigation.
The aim of this study was to create an integrated conceptuallevel Escherichia coli model for an estuarine catchment; we did this by linking models which already exist for riverine E. coli prediction (Haydon & Deletic ) and stormwater E. coli prediction (McCarthy et al. ) to a newly developed estuarine microorganism model. This integrated model was then used to assess the importance of the various inputs into the estuary. Of particular importance was whether the stormwater flow from the urban creek and the 219 urban stormwater drains, which directly enter the estuary, are a significant input of E. coli. In addition, there are other stormwater inputs entering the estuary indirectly through upstream river inflow. These are not assessed separately but are considered as part of riverine input. The models were calibrated on an extensive dataset, containing over 2,000 samples analysed for the most commonly used faecal indicator, E. coli. The major hypothesis of this work was that the importance of direct urban stormwater was minimal during dry weather periods, but increased during urban wet weather periods, especially when lower riverine flow rates were combined with higher amounts of urban rainfall. The impact of direct wet weather stormwater inputs could be important even in the case of uniformly distributed rainfall across a whole catchment, as stormwater could be entering the estuary much sooner than the riverine input due to the higher imperviousness and shorter time of concentration that characterize urbanized areas.
METHODS The estuary and monitoring sites
The Yarra River estuary (Melbourne, Victoria, Australia) is a highly stratified, salt-wedge estuary (Beckett et al. ) and extends for about 22 km from Port Philip Bay to Dights Falls -a weir which represents the upper boundary of the estuary. Monitoring sites were selected and established for data collection (Figure 1) . Two of the sites were within the estuary: Abbotsford at the very beginning of the estuarine section of the Yarra River (represents the region with little influence from the salt-wedge, but still impacted by tidal changes) and Morell Bridge, located in the lower part of the estuary (highly impacted by the salt-wedge). Both sites were equipped with refrigerated automated samplers and depth sensors and had continuous measurements of electrical conductivity (EC) and temperature (T) at 100 mm below the surface. The Morell Bridge site was also equipped with an Acoustic Doppler Current Profiler (ADCP) for 3D measurements of velocities at 1-minute intervals.
Monitoring of upstream river inputs was conducted at Kew (Figure 1 ), where only grab samples were taken and water levels and flow rates were measured at 6-minute intervals by Melbourne Water (the local water management authority).
Monitoring of stormwater inputs was done at Gardiners Creek, a heavily channelized creek which is the largest input of water other than the Yarra River upstream of Dights Falls. The site has been equipped with an automated sampler, EC/T sensors and a depth/velocity probe. Climate data were obtained from Australian Bureau of Meteorology and Melbourne Water for different locations in the Yarra River catchment (Figure 1 ). Gardiners Creek is considered to be an open channel stormwater drain because its catchment is completely developed with total impervious fraction of 47%. Furthermore, observed range of the E. coli concentrations (944; 6,203; 17,673 most probable number (MPN)/100mL; 5th, 50th, 95th percentile) is well within the range reported for urban stormwater (Makepeace et al. ; Burton & Pitt ) .
Sample collection and analysis
Estuarine and riverine samples were taken approximately 100 mm below the surface, where the health exposure to recreational users is expected to be the highest. In the period from November 2012 to July 2013, 2,106 samples were collected; 1,500 during dry weather and 606 during wet weather conditions. All collected samples were transported to the Environmental and Public Health Microbiology (EPHM) laboratory at Monash University in coolers on ice and analysed for E. coli content using the Colilert method (IDEXX Laboratories ) within 24 h of collection. A large range of other indicators and reference pathogens were tested, but not reported here.
Riverine model
Hydrology of the upper Yarra River catchment (river inflow at Dights Falls into the estuary, Figure 1 ) was modelled using MUSIC -SimHyd, which is a spatially lumped catchment rain-runoff model (eWater ). The model was applied with some slight variations: (1) a linear-reservoir routing routine was employed (instead of MUSIC's standard Muskingum Cunge method) as it has been demonstrated previously that this simpler and more stable form of routing produces equivalent results (McCarthy ); (2) the model was employed using a constant 6-minute timestep (as opposed to MUSIC's standard method of daily simulation and subsequent disaggregation). This method improved the computational efficiency of the model, without compromising the results. Model inputs were areal averaged rainfall (Heidelberg, Kew, Kew Reservoir, Coldstream and Viewbank stations) and daily potential evapotranspiration, calculated using the Food and Agriculture Organization Penman-Monteith method (data from Coldstream, Viewbank and Heidelberg stations). The MUSIC-SimHyd model was calibrated with a Monte-Carlo approach using a least squares objective function comparing the predicted flow rates with untransformed measured flow rates at Kew. The performance of the hydrologic model was assessed using the Nash-Sutcliffe coefficient of efficiency E Q (Nash & Sutcliffe ). Parameter sensitivity was also explored using the Monte-Carlo results, as per others in the literature (e.g. Dotto et al. ) .
For the prediction of riverine microbial concentrations, a modified version of the EG pathogen-hydrologic catchment model (Haydon & Deletic ) was applied. The main variation was that the loss of microorganisms from the subsurface store was estimated to be inversely proportional to the soil moisture instead of directly proportional, which was originally proposed by Haydon & Deletic () , as many studies report extended survival of faecal microorganisms at higher soil moisture contents (Desmarais et al. ; Schäfer et al. ) . The model had six parameters: one parameter described build-up, two were loss coefficients and three were related to wash-off processes. Inputs to the model were time series potential evapotranspiration and flow components as calculated by MUSIC -SimHyd. The model was calibrated against Abbotsford's E. coli concentration dataset. Although there are obvious issues with this methodology (i.e. calibrating the upstream model to a site within the estuary), it was considered adequate for the following reasons: (1) Daly et al. () showed that Kew and Abbotsford have similar distributions; (2) the correlation between the E. coli from the two sites was 0.83 (Pearson correlation coefficient, p < 0.001); and (3) the Abbotsford dataset had many more calibration points (776 compared with 43 at Kew), which could allow a better calibrated model. The optimized parameter set for the EG model was obtained using a least squares objective function and by observing the Pareto front formed when calibrating using untransformed and log-transformed E. coli concentrations. Additional calibration of the model parameters was conducted using the Generalized Reduced Gradient method, without limiting the parameters and using a criterion which added the two components of the Pareto front. The model's performance was assessed by the Nash-Sutcliffe efficiency calculated using untransformed and log-transformed E. coli concentrations -E C and E Clog , respectively.
Stormwater model
Modelling of the urban stormwater input of Gardiners Creek was performed using Micro-Organism Prediction in Urban Stormwater, MOPUS (McCarthy et al. ), where the pervious component of the rain-runoff model was excluded. As shown previously by Dotto et al. () , the parameters which are used to model the pervious component are less sensitive than those used to model impervious areas, therefore demonstrating the importance of impervious areas in urbanized catchments. The rainfall-runoff module of MOPUS was calibrated against the untransformed flow rates measured at the Gardiners Creek monitoring station using the same procedure outlined above for the riverine model.
MOPUS's microorganism model has five model parameters: three which represent the build-up and die-off of microorganisms on the surface of the catchment, and two others which represent the same for the subsurface (i.e. in the stormwater drain). The inputs to the model include: time series of rainfall, relative humidity and vapour pressure. MOPUS was calibrated using the 383 E. coli samples taken from Gardiners Creek during dry and wet weather periods and assessed using the same procedure as the EG model.
In addition to Gardiners Creek, there are 219 stormwater drains of various sizes that drain directly into the Yarra River estuary (Figure 1 -the 20 biggest shown) . MOPUS was further used to generate a time series of stormwater flow rates and microorganism concentrations for each of these stormwater inputs. This was achieved by generating 219 different parameter sets. First, the impervious area (IA) for each of the drains was estimated using an empirical relationship between impervious area and drain crosssectional area (McCarthy ). Then, due to the lack of measured data, the five microorganism model parameters were obtained by random sampling within parameter ranges defined by the optimized values from Gardiners Creek Catchment (this study) together with optimized values from literature which has used the MOPUS model on four other stormwater drains in Melbourne, Australia (McCarthy et al. ) . Finally, the MOPUS model was executed for all 219 drains, using the relevant input data: rainfall, relative humidity and vapour pressure from Melbourne Regional Office station (Figure 1 ).
Simplified estuary model
The whole estuary was represented as a single reservoir where all modelled flows and microbial loads from the river, Gardiners Creek and 219 stormwater drains were linearly routed and translated through the system (Table 1 for equations). The rationale behind this approach is twofold. First, the Yarra River estuary is a salt-wedge estuary (Beckett et al. ) , which was confirmed by measurements conducted by authors (data not shown). Essentially, this means that the fresh water layer flows over the moving sea water layer (i.e. salt-wedge), with minimal mixing between the two 
Microorganism concentration layers. Furthermore, minutely velocity measurements obtained at Morell Bridge monitoring site using an ADCP over the October 2012 to August 2013 period showed that, on average, velocity in the downstream direction was 0.16 m/s, while the upstream velocity was 0.06 m/s with only 18% of the time velocity being negative, i.e. forming upstream flow. Therefore, the estuary can be effectively regarded as a river with a moveable bottom boundary. Secondly, this model is very simple and would form a baseline level of performance achievable with minimal data input and minimal model complexity. The benefit of further increasing complexity of the model will be assessed in the future against the performance achievable with the simple microorganism model. In addition to routing and translating microbes, the model accounts for the impact of environmental factors on the survival of microorganisms in the water column using first-order kinetics. The survival rate was modelled dynamically as a function of temperature, salinity (% sea water) and solar radiation using the expression proposed by Mancini (). A simple term has been added when calculating microorganism concentration to account for mixing between fresh and sea water, where sea water was assumed to be free of E. coli.
The estuarine microorganism model was calibrated against Morell Bridge's E. coli dataset (829 points), using the same methods as outlined above for the input models. Simple sensitivity testing was conducted to assess the effect of survival processes and direct stormwater inputs on the model's performance. In the first case, the model was calibrated without accounting for the survival of E. coli (i.e. there was no die-off). In the second case, both survival and stormwater volume and E. coli load were removed and the model was re-calibrated following methodology described above. Furthermore, we assessed the effect of spatial discretization on the model's performance by dividing the estuary into 33 cells of 500 m length. The model equations were applied in each cell.
Input analysis
Predicted stormwater flow rates and microorganism concentrations were used to calculate daily delivered volumes and loads to the estuary. A similar approach was taken with the riverine input, but instead of using predicted flow rates (which were substantially underestimated during base flow periods by the MUSIC model), measured data from Kew were used to achieve more realistic results. To assess the contribution of stormwater in dry and wet weather, in terms of both daily delivered volumes and loads, a ratio of stormwater over total inputs (sum of stormwater and river inputs) was calculated. Similarly, a ratio of daily delivered stormwater volume to the average estuary volume (estimated using Geographic Information System and bathymetry data to be 4 × 10 6 m 3 ) was also used to assess the impact of direct stormwater inputs.
RESULTS AND DISCUSSION

Input modelling
The MUSIC-SimHyd model reproduced the observed flow pattern reasonably well (E Q ¼ 0:51); however, during base flow periods there was substantial underestimation of flow rates (probably a result of the model being modified for urbanized catchments). There were also timing issues with the prediction of the peak flows. The stormwater rainfall-runoff model had quite high performance in prediction of flow rates for Gardiners Creek, with an efficiency of E Q ¼ 0:81. It performed particularly well in the region of very high flow rates (>10m 3 /s), which was expected as the model was essentially developed and calibrated for the prediction of wet weather flows.
The efficiencies of the two microorganism input models were similar: E C ≈ 0.20 and E Clog ≈ 0.40. Although these are not high efficiencies, they agree well with the performance reported in the literature for similar microorganism models (McCarthy et al. ). The pathogen-catchment model reproduced E. coli patterns well, although there are certain peak prediction time issues similar to that described by Haydon & Deletic () . The MOPUS concentration predictions are better in the region of high concentrations, which are commonly observed during wet weather periods. Indeed, the current model structure was developed for modelling wet weather microbial dynamics in stormwater; hence it is expected to give better predictions during wet weather.
Input analysis
The relative contribution of stormwater discharging directly to the estuary during dry weather ranged from <0.5% to 10% (5th and 95th percentile), suggesting limited influence of stormwater on overall E. coli levels in the estuary during these periods (Figure 2(a) ). As expected, wet weather stormwater proportions were higher (2% to 50%; 5th and 95th percentile), yet the average daily contribution under these conditions remained marginal (median 10%). These findings agree well with those of Daly et al. () , suggesting the median daily E. coli loads coming into the estuary from the three biggest drains (two of them 3 m in diameter and one 6 × 2 m) are about 1.5 orders of magnitude lower than the riverine inputs. However, it is important to note that our results also demonstrate that some conditions can produce high stormwater contributions, especially during periods of low riverine flows and high urban rainfall amounts (see Figure 2 (b) and (c)). It is also possible for urban stormwater to enter the estuary much faster than riverine inputs due to the higher imperviousness and the smaller time of concentration of urban catchments. Hence, at finer temporal scales (i.e. time step <1 day), stormwater could have a significant impact on overall faecal contamination levels within the estuary. Furthermore, stormwater might be significantly influencing faecal microbe distribution locally around the drain outlets. All issues stated above would certainly require further investigation, which is not within the scope of this paper.
Estuarine modelling
Considering the simple approach adopted for modelling the estuary (i.e. neglecting estuarine hydrodynamic characteristics), as well as the accuracy of predicting input loads, the model performed reasonably well with E C and E Clog values of 0.37 and 0.41, respectively ( Figure 3 and Table 2 ). Spatial discretization of the estuary into 33 cells did not have a significant effect on the model's efficiencies, which remained similar to the original model (E C ¼ 0:42 and E Clog ¼ 0:41). Due to its simplicity, the model's performance is very much linked to the performance of the input models, emphasizing the effect that the inputs have on the estuarine microbial dynamics and the importance of the adequate representation of these inputs.
Initial conclusions can be drawn by relying on the small amount of sensitivity testing conducted here and by exploring the optimized parameter values (Table 2 ). Switching off stormwater boundary conditions resulted in minimal model efficiency reduction (as indicated by E C and E Clog with and without stormwater input), which may reflect the low average daily contribution from urban stormwater drains.
Furthermore, modelling E. coli die-off results in limited improvement in the model's performance. Indeed, optimized die-off calibration parameter values (Table 2) indicate that the best results are gained when there is minimal die-off. In fact, a negative k 20 indicates that there is actually growth due to temperature fluctuations instead of die-off (k 20 of À0.3 represents an outlier compared with literature values for E. coli die-off from 0.48 in fresh water to 1.09 in sea water (Hipsey et al. ) ). The optimized light attenuation coefficient k e of 11.9 1/m (calculated assuming average fully mixed depth H ¼ 4 m) is more than twice as high as that reported in the literature for highly turbid estuaries (Devlin et al. ) , indicating a tendency of the model to minimize die-off by reducing the detrimental effect of sunlight on microbial survival. This is also the case for the optimized EC value of sea water. The issues described above could be related to the fact that the model is very simple and does not fully account for the hydraulic and microbial complexity of the estuarine environment. In fact, resuspension of sediments can increase microbial concentration in water systems (Pachepsky & Shelton ) , and hence the growth observed here could be compensating for the absence of this process in the model.
CONCLUSIONS
An integrated conceptual-level model of the whole estuarine catchment was developed. Existing models for modelling faecal microorganisms in river and stormwater were linked with a new estuarine microorganism model which accounted for microbial die-off due to temperature, salinity and sunlight. The mass balance analysis using model predictions of daily faecal microorganism loads delivered to the Yarra River estuary via riverine input, Gardiners Creek and 219 stormwater drains discharging directly to the estuary revealed limited influence of urban stormwater on the estuary during dry weather. Wet weather contributions from stormwater drains were significant in some cases (95th percentile of 50%); however, the average contribution remained marginal (median 10%). Sensitivity analysis of the new highly simplified estuarine microorganism model showed minimal change in model performance when direct stormwater inputs were removed. This may reflect the low average daily contribution from urban stormwater drains. Both input analysis and sensitivity testing confirm previous studies showing that E. coli loads derived stormwater drains are dwarfed by other inputs. Nevertheless, it is essential to note that these results also demonstrate that some conditions reveal the opposite; high proportions from stormwater are possible when combined with low riverine inputs and high urban rainfall amounts. This study focuses on the overall impacts of direct stormwater inputs on faecal contamination levels within the estuary, and localized impacts require further investigation. In spite of the very simplistic modelling approach and high likelihood of missing an important process or input (as indicated by optimized parameter values), the estuarine microorganism model performed reasonably well. This is likely due to the significant effect of inputs on microbial dynamics within the estuary itself. Therefore, appropriate representation of inputs is a requirement for modelling faecal contamination in urban estuaries. Additionally, the model's performance encourages further investigation of simple conceptual ways of modelling faecal contamination in narrow river-like urban estuaries.
